Pup, a ubiquitin analog, tags proteins for degradation by the bacterial proteasome. As an intracellular proteolytic system, the Pup-proteasome system (PPS) must be carefully regulated to prevent excessive protein degradation. Currently, those factors underlying PPS regulation remain poorly understood. Here, experimental analysis combined with theoretical modeling of in vivo protein pupylation revealed how the basic PPS design allows stable and controlled protein pupylation. Specifically, the recycling of Pup when targets are degraded allows the PPS to maintain steady-state levels of protein pupylation and degradation at a rate limited by proteasome function, and at a pupylome level limited by Pup concentrations. This design allows the Pup-ligase, a highly promiscuous enzyme, to act in a controlled manner without causing damage, and the PPS to be effectively tuned to control protein degradation. This study thus provides understanding of how the inherent design of an intracellular proteolytic system serves crucial regulatory purposes.
Introduction
Intracellular protein degradation is essential for the proper functioning of all cells, playing a central role in regulating cellular processes, in protein quality control and in amino acid recycling under starvation conditions [1] . Owing to the destructive nature of protein breakdown, intracellular proteolysis must be carefully regulated so as to prevent irreversible damage to the cell. As such, mechanisms have evolved to control the timing, magnitude, and specificity of proteolytic events. In eukaryotic cells, the highly complex ubiquitin-proteasome system (UPS) executes the degradation of a vast number of cellular proteins in a highly regulated manner [2, 3] . Lacking a UPS, bacteria instead use a combination of ATP-dependent proteases for protein degradation. These are much simpler than the eukaryotic 26S proteasome and, in most cases, do not require post-translational tagging, such as ubiquitylation, for interaction with protein targets [1] . Bacterial species belonging to the phyla Actinobacteria and Nitrospira, as well as several unrelated bacterial species, do, however, possess proteasomes and a functional analog of ubiquitin termed Pup (Prokaryotic ubiquitin-like protein) [4] . The Pupproteasome system (PPS) was initially discovered in Mycobacterium tuberculosis, where it was deemed as being important for the virulence of this pathogen [5, 6] . The PPS was later found to be essential under starvation conditions in both M. tuberculosis and the nonpathogenic mycobacterial model organism Mycobacterium smegmatis [7, 8] .
Abbreviations CBB, Coomassie brilliant blue; CP, core particle; PPS, Pup-proteasome system; Pup, prokaryotic ubiquitin-like protein; UPS, ubiquitinproteasome system.
Pup does not share sequence similarity with ubiquitin, is natively unstructured [9, 10] , and does not generally form poly-Pup chains [11] . Nonetheless, the analogy of the PPS to the UPS is striking, as conjugation of Pup to lysine residues in a protein target tags that protein for degradation by the bacterial proteasome [6] . A single enzyme, PafA, is responsible for Pup conjugation to a vast number of target proteins [6] . PafA couples ATP hydrolysis with the formation of an isopeptide bond between the side chain of the C-terminal glutamate of Pup and the e-amine of target protein lysines [12] . However, in mycobacteria and many other related species, Pup is encoded with a C-terminal glutamine (Pup Q ), rather than glutamate (Pup E ), such that Dop, an additional enzyme in the pathway, must first deamidate this glutamine to convert it into a glutamate before PafA can act [13] . Dop can also depupylate pupylated proteins following the same reaction mechanism as used to deamidate Pup [14, 15] . In both cases, Dop catalyzes amide bond hydrolysis. However, although Pup deamidation is highly favored owing to the exceptionally high affinity between Pup and Dop (K D of a few nanomolars), Dop interacts with most pupylated proteins ineffectively [16] . Consequently, Dop, when acting on its own, is a poor depupylase. It was, nevertheless, proposed that in M. tuberculosis, efficient depupylation by Dop can indeed occur when coupled to the degradation of pupylated proteins by the proteasome, thus resulting in proteasome-dependent Pup recycling [17] . Still, the notion of Pup recycling remained controversial and was not supported by similar studies in M. smegmatis [17, 18] .
Owing to its destructive potential, the PPS must be tightly regulated. Yet, despite the apparent simplicity of this proteolytic system, the factors that restrict pupylation and prevent overdegradation of cellular proteins remain poorly characterized. While negative auto-regulation of the PPS via pupylation and degradation of its own components apparently restricts the system [8] , the levels of pupylated proteins in proteasome-deficient mutants are similar to those observed in wild-type cells [6, 8] . Thus, it is clear that mechanisms other than negative auto-regulation via proteasomal degradation of PPS components must play a dominant role in restricting protein pupylation in vivo. To better understand how PPS function is regulated, the basic design of this proteolytic system was studied here. We modeled the dynamics of in vivo protein pupylation and degradation, and then experimentally tested the correctness of our model in M. smegmatis. Such analysis revealed how the basic design of the PPS serves critical regulatory purposes. Because of Pup recycling, the PPS functions as a semiclosed system that maintains a steady state of tagging and degradation, and can be effectively tuned by controlling two factors, the concentration of Pup and proteasome function. The concentration of Pup determines the levels of pupylated proteins, while proteasome function is a rate-limiting factor for protein tagging and degradation. This design restricts the ability of PafA, a highly promiscuous enzyme, to act in an uncontrolled manner in the cytoplasm. The findings of this study thus uncover key principles of PPS regulation, reveal the regulatory significance of Pup recycling, and provide new insight into the design and wiring of an intracellular proteolytic system.
Results

Theoretical modeling of PPS dynamics
To probe the basic design of the PPS, the dynamics of protein pupylation and degradation were modeled based on several assumptions:
• Pup Q deamidation is highly efficient [16] and, therefore, all free Pup molecules exist as Pup E .
• As pupylation is, in effect, nonspecific [8] , PafA targets can be considered as a single protein substrate designated as X. Accordingly, Pup E was designated as P and the pupylome as PX.
• [X] is not rate-limiting for pupylation, owing to the high concentration of proteins in the cytoplasm. Therefore, the pupylation rate is determined by the concentration of Pup E , by its affinity for PafA ( $ 1 lM) and by the V max of pupylation [19] .
• Depupylation and degradation are coupled, such that Pup is recycled at the same rate as the target is degraded.
• The binding of pupylated proteins to the proteasome is directed by the affinity of Pup for Mpa, the proteasome regulatory particle ( $ 1 lM) [20] and is a rate limiting step in the interaction of Dop with pupylated proteins.
• Owing to recycling, Pup is not depleted from the system. Therefore, its rate of synthesis needs only to compensate for the dilution effect that results from cell division and growth. Here, this rate was set as zero, as we modeled the PPS in nondividing cells.
• Proteasome-independent depupylation is negligible [16] . Although Mpa can facilitate depupylation by Dop in vitro [15] , evidence for such depupylation in vivo was only demonstrated in 20S core particle (CP)-deficient mutants [14] .
• Degradation of free Pup by the proteasome is negligible [21, 22] .
According to these assumptions, the PPS can be described as catalyzing two consecutive reactions, namely pupylation and degradation, where the products of degradation are free Pup E and a digested target (Fig. 1A) 
In Eqn 1, v Paf is described as a Michaelis-Menten expression, in which V Paf is the maximal rate (V max ) of pupylation and K Paf is the K m of the interaction between PafA and P. v deg is described by a MichaelisMenten expression, where V deg is the maximal degradation rate and K deg is the K m of the Mpa-PX interaction.
[P] is not constant but is instead determined by the rates of its synthesis (v s ), recycling (v Dop ), and pupylation (v Paf ). Accordingly, [P] can be described by Eqn 2.
In this equation, the recycling rate, v Dop , is determined by a Michaelis-Menten equation, where V Dop is the maximal depupylation rate and is equal to V deg under the assumption that depupylation and degradation are coupled. v Dop depends on K deg under the assumption that the binding of a pupylated protein by Mpa is a prerequisite for Pup recycling.
A steady state of protein tagging and degradation
Using Eqns 1 and 2, pupylome (PX) and free Pup E (P) concentrations were simulated over time (Fig. 1B & Sup. File 1). Such simulations exemplified how Pup recycling allows the PPS to maintain a steady state of protein pupylation and degradation. In the example presented in Fig. 1B , V Paf was set at twice the value of V deg , leading to the establishment of a steady state in which a high PX was formed at the expense of free Pup E . The establishment of a steady state was not limited to this set of parameters but rather appeared as a characteristic of this model across wide ranges of parameters (Sup. File 1). In contrast, the time required for the system to reach steady state did vary and depended on parameters such as the initial concentration of P and PX, V deg , and V Paf (Sup. File 1). For instance, the higher the V Paf , the less time it took the system to establish a steady state. In this study, we mainly analyzed the characteristics of an established steady state, rather than the kinetics of its establishment.
When a steady state is reached, for every pupylated protein that is degraded, one Pup E molecule is recycled (C) Pup-Zur expression was induced in exponentially growing Mycobacterium smegmatis cells from an acetamide-controlled promoter for 3 h after which time the cells were deprived of a nitrogen source, and antibiotics were added. Aliquots were collected over the course of the experiment for western blotting using antibodies against Pup (left panel). As a control for antibiotic activity, Pup-Zur expression was induced 15 min after the addition of rifampicin and chloramphenicol (right panel), and aliquots were removed before and 3 h following acetamide addition. In both panels, the pupylome bands serve as loading controls.
and one new protein substrate can now be pupylated. This was manifested in an experiment in which PupZur was expressed in M. smegmatis. Pup-Zur is a chimeric protein encoded by a genetic fusion of prcS, the Pup-encoding gene, to zur [23] . Pup-Zur does not present an isopeptide bond, and, therefore, cannot be depupylated. It is, nevertheless, a proteasome substrate, and, moreover, we previously showed that degradation of Pup-Zur by the proteasome is markedly enhanced in response to nitrogen starvation [8] . Here, following nitrogen starvation and the addition of rifampicin and chloramphenicol, antibiotics that block RNA and protein synthesis, respectively, Pup-Zur gradually disappeared. At the same time, pupylome levels barely changed (Fig. 1C) , suggesting that Pup molecules were recycled during pupylome degradation and then recruited for the pupylation of new targets. As this experiment relied on the inhibition of Pup synthesis by rifampicin and chloramphenicol, the inhibitory effects of these antibiotics were confirmed in a parallel experiment using Pup-Zur induction as a probe of gene expression. In this experiment, the addition of the antibiotics before acetamide introduction prevented pup-zur induction, as expected (Fig. 1C ).
Pup recycling maintains stable pupylome levels
Modeling that did not include Pup recycling required that the rate of Pup synthesis (v s ) be higher than zero to balance the degradation rate, yet lower than the maximal degradation rate (V deg ) so as to prevent pupylome accumulation over time ( Fig. 2A Fig. 1C , where the pupylome levels remained constant, despite the arrest of Pup synthesis due to the addition of antibiotics. Remarkably, pupylome depletion, as in the simulation presented in Fig. 2A , where both v s and V Dop were set as zero, was previously observed in a Pup E -expressing M. tuberculosis dop mutant, giving rise to the idea that Pup recycling is essential for pupylome accumulation [17] . This observation, however, did not agree with similar analysis performed in M. smegmatis, where high pupylome levels were reported for a Ddop mutant that overexpressed Pup E from a multi-copy plasmid [17, 18] . To revisit this issue, we expressed Pup E in a M. smegmatis Ddop mutant from the chromosomally integrated pMV306 plasmid under the transcriptional control of its own promoter. This resulted in very low pupylome levels (Fig. 2C) , as observed in M. tuberculosis. This phenotype depends on proteasomal degradation, as higher pupylome levels were observed in a mutant lacking both Dop and the 20S CP (Fig. 2C ). When we overexpressed Pup E in a Ddop mutant from a multicopy plasmid (pMV206) under the transcriptional control of the hsp60 promoter, very high pupylome levels were observed, relative to the wild-type (Fig. 2C) . This phenotype is consistent with a simulation in which V Dop was set as zero and the Pup synthesis rate (v s ) was set as higher than the maximal degradation rate (V deg ; inset of Fig. 2A & Sup. File 1) . Altogether, the analysis supports the notion that in the absence of Dop, the rate of Pup synthesis is insufficient to support pupylome accumulation. While the lack of Pup recycling through depupylation can explain this phenotype, it is also conceivable that merely the binding of Dop to Pup E and Pup Q , interactions that occur at nanomolar affinities [16] , prevent Pup depletion, and consequently support pupylome accumulation. To test this latter possibility, we examined whether pupylome depletion in a Pup E -expressing Ddop mutant could be prevented upon expression of inactive Dop that tightly binds Pup. To this end, we chose Dop D95A, an active-site Dop mutant [24] . Using Pup-Fl, a fluorescent Pup derivative [25] , we initially performed binding and activity assays to confirm that Dop D95A indeed binds Pup with high affinity, despite being inactive (Fig. 2D) . We found that expression of Dop D95A in a Pup E -expressing Ddop mutant did not support pupylome accumulation (Fig. 2E) , indicating that pupylome depletion in these experiments occurred due to a lack of Dop depupylation activity. In conclusion, these findings support the notion that Pup recycling is essential for maintaining elevated pupylome levels.
Limiting Pup E concentrations prevent overpupylation As pupylation and degradation are consecutive reactions, the accumulation of pupylated proteins depends on attainment of a higher pupylation rate prior to the establishment of a steady state, as exemplified in Fig. 1B. In Fig. 3A and Sup. File 1, steady-state concentrations of the pupylome and free Pup E were simulated as a function of the ratio between the maximal rates of pupylation and degradation (V Paf /V deg ), while the other parameters were as in the simulation presented in Fig. 1B . When V Paf was higher than V deg , the PX at steady state was higher than the concentration of free Pup E , and vice versa (Fig. 3A and Sup. File 1). The nonlinearity of the resulting curves suggests that, typically, when a pupylome is well detected experimentally, most of the Pup molecules in the cell are conjugated, and accordingly, the concentration of free Pup E is very low. Experimentally, Pup is never observed in western blots using antibodies raised against Pup, as in Figs 1C & 2B , unless the protein is overexpressed [17] . This is at least partly due to the poor transfer of Pup to both polyvinylidene fluoride and nitrocellulose membranes. To thus assess free Pup levels, an alternative method involving Pup immunoprecipitation followed by mass spectrometry was adopted. Accordingly, Pup was immunoprecipitated from lysates of M. smegmatis cells harvested before and after 3 h of Pup Q expression induced from a multi-copy plasmid under transcriptional control of the acetamidase promoter [26] . Next, AspN protease was used to digest the samples before LC-MS analysis. To identify free Pup, rather than protein-conjugated Pup, the masses corresponding to the C-terminal peptides of Pup E and Pup Q were sought. A Pup-derived C-terminal peptide was detected only in samples obtained from lysates prepared from Pupoverexpressing cells (Fig. 3B) . Remarkably, although Pup Q was overexpressed in these cells, a Pup E -rather than Pup Q -derived peptide was detected, confirming our basic assumption that Pup Q deamidation occurs rapidly. As a complementary approach for Pup detection, we relied on the ability of PafA to pupylate 5-FAM lysine, a fluorescein-conjugated lysine [25] . PafA and 5-FAM lysine were added to M. smegmatis lysates prepared from exponential phase cultures, from stationary phase cultures, where the PPS is stimulated [8] , and from exponential phase cultures following Pup Q expression induced from a multi-copy plasmid under transcriptional control of the acetamidase promoter. As control, purified Pup E was added to a lysate prepared from an exponential phase culture. Following a 1-h incubation, samples were subjected to SDS/PAGE, and in-gel fluorescence was detected. A clear~14 kDa band, migrating in SDS/PAGE as Pup usually does [11] , was clearly observed in the control reaction (Fig. 3C) . In contrast, only a faint band was observed following Pup Q overexpression. At the same time, these bands were undetectable in lysates prepared from either exponential or stationary phase cultures. Altogether, the analysis presented here indicates that cellular levels of Pup E are very low, as predicted, based on our model, when V Paf is higher than V Deg (Fig. 3A) . If this is indeed the case, then an increase in PafA concentration should result in only a very modest increase in the level of the pupylome (Fig. 4A and Sup. File 1). To test this prediction, PafA overexpression was induced in exponentially growing wild-type cells, and aliquots were removed at intervals for western blot analysis using antibodies against PafA and Pup. Despite the dramatic PafA induction, only a slight increase in the concentration of the pupylome was observed (Fig. 4B) . In contrast, simulations in which v s was increased for a fixed period of time demonstrated a sharp increase in pupylome levels (Fig. 4C and Sup. File 1). Indeed, in an experiment where Pup Q rather than PafA overexpression was induced, a dramatic increase in the level of the pupylome was observed, even as early as the first time point after induction (Fig. 4D) . Accordingly, any excess Pup Q was rapidly deamidated by Dop and then conjugated by PafA to protein targets, indicating that Pup E is a limiting factor for pupylome accumulation. The dependency of pupylome levels on the amount of free Pup E can be more generally exemplified by simulating steady-state levels of the pupylome and Pup E as a function of the total concentration of Pup (inset of Fig. 4C and Sup. File 1). Such simulation showed the linear dependency of PX on the total concentration of Pup, whereas steady-state Pup E concentrations remained very low. Essentially so long as V Paf is higher than V deg , the pupylome concentration is almost equal to the total concentration of Pup. In other words, when V Paf is higher than V deg , almost all Pup molecules are conjugated to proteins, and a steady state is established in which for every pupylated protein that is degraded, one Pup E molecule is recycled and one new protein substrate is pupylated.
Without Pup overexpression, an increase in the pupylome levels is observed in M. smegmatis as the bacterial culture shifts from exponential to stationary phase (Ref. 8 & Fig. 4E ). While our analysis indicates that such an increase in pupylome levels involves an increase in the total levels of Pup molecules, no increase in Pup-encoding mRNA levels was observed in stationary phase cultures, as compared with exponential phase cultures (Fig. 4F) . These findings suggest that Pup levels are controlled at the post-transcriptional level.
Discussion
This study presents theoretical modeling of in vivo protein pupylation dynamics based on a simplified depiction of the PPS. Remarkably, simulations generated by this model were found to be consistent with experimental data, suggesting that despite its simplicity, the presented model captures the basic factors that affect the dynamics of pupylation and degradation by the PPS in vivo. Specifically, the analysis indicated that Pup recycling allows the PPS functions as a semiclosed system with two regulatory foci, namely the concentration of Pup and the rate of target degradation/Pup recycling. Proteasome activity is rate-limiting for both pupylation and degradation, while the total Pup concentration determines the pupylome level (Fig. 5) . Both factors can be regulated to effectively tune PPS activity according to physiological needs, as indeed occurs in response to nitrogen starvation [8] .
The regulatory significance of Pup recycling
The occurrence of Pup recycling was initially proposed to account for the pupylome depletion observed in a Pup E -expressing M. tuberculosis Ddop mutant. Although more direct evidence is required before a Pup recycling-based model of the PPS can be fully accepted, the experimental and theoretical data presented here can be most coherently explained by a Pup recycling model. Moreover, without the inclusion of a Pup recycling step in the model presented here, we were unable to generate simulations consistent with PPS dynamics in wild-type cells. The analysis presented here indicates that as a result of Pup recycling, the PPS maintains a steady state of protein pupylation and degradation that cannot be easily perturbed. This allows the cell to maintain a stable pupylome level that can be readily degraded and generate a boost of amino acid upon proteasome stimulation, as occurs, for instance, under nitrogen starvation conditions [8] . To maintain a stable pupylome without Pup recycling, the rate of Pup synthesis would need to be low enough to prevent a constant accumulation of pupylated proteins, although not so low that the pupylome would be practically depleted. Essentially, the rate of Pup synthesis would need to approach the rate of pupylome degradation and the latter, in turn, would depend on the rate of pupylation. Even small changes in the degradation or pupylation rate would require adjustments of the Pup synthesis rate. In a cellular environment, such fine-tuning of gene expression is a great challenge.
Therefore, in addition to its trivial energetic benefits, Pup recycling allows the PPS to function as a semiclosed system and, as a result, easily reach a steady state without the need to fine-tune Pup synthesis.
As Dop is not a proteasome subunit, Pup recycling is not a prerequisite for degradation. Indeed, degradation of pupylated proteins by the proteasome occurs in Dop mutants both in M. tuberculosis [17] and M. smegmatis (Figs 1C & 2C) . This suggests that Pup recycling can, in principle, be turned on and off without affecting degradation itself. Such a mechanism would allow the system to control pupylation by reducing the total concentration of Pup molecules in the cell.
Analogy to other proteolytic systems
Pup recycling presents an additional layer of analogy between the UPS and the PPS. In both systems, energetic considerations may have been the main driving force behind the evolutionary development of the tag recycling step. Clearly, recycling the tag, rather than degrading it, saves energy. However, based on the regulatory implications of Pup recycling presented here, it is conceivable that ubiquitin recycling by the 26S-proteasome serves similar regulatory purposes, namely allowing the UPS to function as a semiclosed system, thereby enabling the establishment of easily regulated steady states of protein ubiquitylation. Should this be the case, then ubiquitin levels in the cell should be limiting for ubiquitylation whenever the degradation rate is slower than the ubiquitylation rate. Clearly, the many ligases and complex tagging cascades that comprise the UPS enforce constrains that are absent from the PPS. Yet, the basic principles of tagging versus degradation kinetics in a semiclosed system, as presented here, should also apply to the UPS. The regulatory implications of tag recycling may also be relevant to degradation systems in which an adaptor protein, rather than a covalently linked tag, mediates interactions between substrate and protease. Such adaptors can enforce regulatory constrains as presented here. For example, the degradation of the Escherichia coli stationary phase sigma factor r S by the ATP-dependent protease ClpXP can be considered.
The interaction between r S and ClpXP is mediated by RssB, an adaptor protein that can simultaneously bind r S and ClpXP [27] . As RssB is not degraded yet r S is, the role of RssB in r S proteolysis is analogous to that of Pup or ubiquitin, although RssB is not covalently linked to r S . The r S degradation scheme is, therefore, similar to that presented here, with the same constraints possibly being enforced so long as RssB is found in limiting concentrations.
Mechanistic implications of Pup recycling
If Pup recycling indeed takes place, critical mechanistic questions regarding protein degradation by the bacterial proteasome remain to be answered. The isopeptide bond of most pupylated proteins, especially large proteins, seems to be poorly accessible to Dop [16] . Therefore, Pup recycling must involve efficient interaction of Dop with proteasome-bound substrates. It was shown that the unfolding of a pupylated protein by Mpa in vitro substantially facilitated depupylation [15] . However, if Mpa is positioned on the 20S-CP, and if Pup enters the Mpa pore before the target does, how then would Dop interact with the isopeptide bond of the substrate before Pup enters the 20S-CP cavity? Where would such interaction occur during the chain of events that begins with the binding of a pupylated protein by the proteasome? Finally, are there mechanisms that allow conditional coupling of Dop with the proteasome? If Pup recycling indeed takes place, answering these questions will be critical for mechanistic understanding of protein degradation by the bacterial proteasome.
Experimental procedures
Strains, plasmids, and proteins Mycobacterium smegmatis strain MC 2 155 and its mutant derivatives [16] were used in this study. Cultures were grown in 7H9 liquid medium containing 0.05% (v/v) Tween-80 and 0.4% (v/v) glycerol. For experiments involving nitrogen starvation, cultures were grown as previously described [8] . For the induced expression of Pup Q and
PafA, the respective genes were cloned into plasmid pJV53 [28] instead of genes Che9c 60-61. For induction, acetamide was added to the growth medium at a final concentration of 0.2% (w/v). When rifampicin and chloramphenicol were added to block transcription and translation, respectively, the final concentration of each was 200 lgÁmL À1 .
PafA and Pup were purified as previously described [19] .
Assays
Pup-Fl binding to Dop and Pup-Fl depupylation were measured as previously described [16, 25] . A simple binding model was fitted to the binding data using the equation r = r 0 + (r max Á[Dop])/(K D + [Dop]), where r is the measured fluorescence anisotropy, r 0 is the fluorescence anisotropy of Pup-Fl in the absence of Dop, and r max is the fluorescence anisotropy of Pup-Fl at saturation. In-lysate 5-FAM lysine pupylation was performed in 15 lL reactions that contained M. smegmatis lysates, purified PafA (2 lM), 5-FAM lysine (1.7 mM), and ATP (5 mM). A control reaction included also purified Pup E (2 lM). The lysates for this assay were prepared by sonicating cells from a 5 mL culture in 0.5 mL pupylation buffer (50 mM Hepes pH 8.0, 20 mM MgCl 2 , 100 mM KCl, 10% (w/w) glycerol, and 5 mM DTT). The reactions were incubated for 1 h at 30°C before 5 lL of 49 protein loading buffer was added. Following SDS/PAGE, in-gel fluorescence at an emission wavelength of 521 nm was visualized using a Typhoon FLA 9500 scanner (GE Healthcare, Tel-Aviv, Israel). Quantitative real-time PCR was performed using primer pair 5'CTGCTGGATGAGATCGACGA3' and 5'CAC-GAAGTCTTCGGCGTTCT3'. prcS mRNA levels, as reflected by the cycle threshold, were quantified in stationary phase cultures relative to those measured in exponential phase cultures.
For LC/MS analysis, Pup immunoprecipitation was performed according to standard protocols using both antibodies against Pup and against Dop, as Dop tightly binds Pup. Immunoprecipitated proteins were digested by AspN, and the degraded material was dried by SpeedVac before LC-MS analysis was performed using an Eksigent nano-HPLC connected to a LTQ Orbitrap XL (Thermo Fisher Scientific, Waltham, MA, USA). 
